Abstract-The paper describes the synchronization link of the two satellites of the TanDEM-X mission. The synchronization link is established to track the oscillator phase noise difference which -after appropriate processing-can be used to compensate the effect of oscillator phase noise. A signal model based on the synchronization link hardware is presented which is then used to derive an analytical expression for the compensation phase including effects such as instrument drift, Doppler, antennas, and receiver noise. Specifically the influence of the synchronization link RF hardware on the quality of the derived compensation signal is crucial for the performance. Therefore the synchronization link RF hardware of the TerraSAR-X satellite is characterized to obtain realistic data. These measurements will be used for the calibration of the synchronization link, i.e. to remove systematic errors due to temperature drifts of the instrument.
I. INTRODUCTION
Bistatic SAR systems have a high potential for scientific, commercial and security applications. One of the benefits is the possibility to generate highly accurate digital elevation models using bistatic interferometry. TanDEM-X is a spaceborne interferometric mission [1] which was approved for full implementation by the German government and is planned to be launched in spring 2009 and will be realized in the framework of a public-private partnership between the German Aerospace Center (DLR) and EADS Astrium GmbH. With a Both are based on radar instruments placed on different spacecrafts, which gives rise to several technical challenges for the system realization.
A peculiarity of the standard bistatic data acquisition mode of TanDEM-X is the use of independent oscillators for modulation and demodulation of the radar pulses. Any deviation between the two oscillators will hence cause a residual modulation of the recorded azimuth signal. The impact of oscillator phase noise in bistatic SAR has been analyzed in [2] where it is shown that oscillator noise may cause significant errors in both the interferometric phase and SAR focusing. The stringent requirements for interferometric phase stability will hence require relative phase referencing between the two SAR instruments. For this purpose both satellites are equipped with six dedicated synchronization horn antennas covering the full solid angle for a mutual exchange of radar pulses between the two satellites [3] . The nominal bistatic SAR data acquisition is periodically interrupted, and a radar pulse is redirected from the main SAR antenna to one of these six horn antennas pointing in the direction of the second spacecraft. The pulse is then recorded by the corresponding synchronization horn antenna on the other satellite which transmits back a synchronization pulse. The basic idea behind the synchronization process is to combine the exchanged synchronization signals so as to yield the phase noise difference of the two oscillators. Thus, the synchronization pulses are used to extract the realization of the phase noise during the data take, which is then used to correct the phase error in the bistatic SAR interferogram. Further, the frequency difference of the two oscillators -which is constant during the data take-is extracted using the linear part of the synchronization signal phase difference.
The main issue of the paper is the performance of the synchronization with respect to unwanted link-effects such as Doppler effect, receiver noise or instrument drift. The following approach is to use a hardware-based system model in order to derive expressions for the phase of the synchronization link. This signal model is then used to state the various effects. The emphasis is on the error contribution of the instrument; a detailed analysis of the sampling and filter effects can be found in [4] .
II. SYSTEM AND SIGNAL MODEL
In the following a signal and system model is established, which is later used as a basis for deriving quantitative estimates for the performance of the synchronization link.
A. Synchronization Scheme
For TanDEM-X synchronization each satellite repeatedly transmits a pulsed synchronization signal, however, there is a time delay between the transmit instances of the TerraSAR-X and TanDEM-X satellite, thus the synchronization is also alternate. A parameterized timing diagram is shown in Fig. 1 . At time t satellite 1 transmits the synchronization signal of duration T p , which is received τ 12 seconds later by satellite 2. Similarly, after an internal system delay of τ sys , satellite 2 transmits its synchronization signal at t + τ sys , which is received by satellite 1 with a delay corresponding to the signal travel time τ 21 . This procedure is repeated at the synchronization rate f syn . The synchronization lasts over the data take time T data .
B. Oscillator Signal Phase
Satellite i transmits a synchronization signal, which is received by satellite j, where i, j ∈ {1, 2}. The frequency of oscillator i at start of data take t 0 is f i = f 0 + ∆f i , with the nominal frequency f 0 , and a constant frequency offset ∆f i . The phase ϕ i (t) at time t is the integration over frequency:
with the initial -time independent-phase ϕ ini i , and the oscillators phase noise n ϕi (t) [5] .
At the receive instance t + τ ij the phase ϕ j (t + τ ij ) of oscillator j is:
The demodulated phase ϕ ji (t) available at satellite j for a signal transmitted by satellite i is the difference between (2) and (1) after including the system and path contributions. The data take start time t 0 can be set to zero without restricting generality. The phase differences ϕ ji (t) and ϕ ij (t) are used to obtain the compensation phase.
C. Hardware Block Diagram
The hardware model for the sync link is shown in Fig. 2 . When satellite 1 transmits a synchronization pulse (Sat1Tx), the contributions to the phase drift are due to: The oscillator's phase noise n ϕ1 (t); the phase introduced by the transmit hardware system of satellite 1 ϕ sysT 1 (t) and ϕ com1 (t), the phase introduced by the antenna patterns of satellite 1 and 2, respectively ϕ ant1 (t), ϕ ant2 (t); the phase due to the path r between the two satellites 2πr/λ; the phase fluctuations introduced due to the receiver (thermal) noise ϕ SNR2 (t); the phase of the receive hardware ϕ sysR2 (t) and ϕ com2 (t); and the phase noise n ϕ2 (t) of oscillator 2 introduced when downconverting the received sync signal. The phase contributions for Sat2Tx are straight forward in a similar manner.
D. Compensation Phase
The phase of the receiver output signal is the difference between the two oscillator phases including the phase of the system hardware and the various noise contributions for both oscillators. For satellite 1 as a transmitter the phase of the received and down-converted signal at satellite 2 is ϕ 21 (t + τ 12 ). Similarly the output phase when satellite 2 transmits a synchronization pulse at t = t + τ sys while satellite 1 receives at t = t + τ sys + τ 21 is ϕ 12 (t + τ sys + τ 21 ). The compensation phase ϕ c (t k ) is derived on ground from the reconstruction of the recorded phase values ϕ 21 (t + τ 12 ) and ϕ 12 (t + τ sys + τ 21 ). Denoting the signal propagation time difference by ∆τ , when relevant, while otherwise assuming that τ 21 ≈ τ 12 = τ results in the following expression for the compensation phase 1 :
In the above expression the term −πf 0 ∆τ originates from the Doppler frequency due to the satellite movement. The initial phase difference is constant and thus irrelevant. The terms n ϕ represent the oscillator phase noise. The constant frequency offset ∆f 2 −∆f 1 results in a constant, an instrument time drift dependent, and a linearly increasing phase contribution. The receiver noise phase terms is ϕ SNR . The last line of the expression represents the difference in Tx/Rx hardware systems phase ∆ϕ sys and the influence of the phase of the antenna pattern.
The advantage of using the phase difference -the compensation phase is actually the difference of the difference, since the phases ϕ 12 (t) and ϕ 21 (t) already represent a phase difference-is that the antenna, link path, and all common Tx/Rx system phase variations will cancel out as long as 1 the compensation phase is given for at discrete time instances t k = k/fsyn for k = 0, 1, . . . T data · fsyn with T data · fsyn the total number of synchronization pulses during data take. their contribution do not change within the time a pair of synchronization signals are exchanged. It should be noted, however, that in general ϕ sysT 1,2 = ϕ sysR1,2 because the transmit and receive paths are different for each satellite.
III. PERFORMANCE PREDICTION

A. Doppler Phase
The Doppler phenomenon, with the Doppler frequency f D = f 0 v sat /c 0 due to the relative velocity v sat between the two satellites, manifests itself for alternate synchronization pulses, because of the unequal signal travel times τ 12 = τ 21 due to the changing satellite separation between the transmit instances t k and t k + τ sys . The resulting phase shift is given in (3) by the term
However, the Doppler phase contribution is constant for constant v sat . Only a relative satellite acceleration, i.e. a time dependent v sat (t) will cause a phase error. For severe intersatellite acceleration a Doppler phase compensation is necessary which requires the satellite separation to be known.
B. Receiver Noise
The receiver noise, consisting of thermal noise and the noise collected by the antenna, will introduce both amplitude and phase fluctuation to the synchronization signal. Here, the phase variations described by their spectral density function are of interest. For band limited white Gaussian noise the spectral density function S ϕSNR (f ) is related to the SNR through [6] :
with the receiver (noise) bandwidth B w . For the TanDEM-X constellation the appropriate sync horns is selected depending on the relative position of the two satellites over orbit which is given by the HELIX. Fig. 3 shows a example simulation of the resulting SNR when selecting the sync horn such that angle between the baseline vector and the normal to the horn antenna is a minimum. Nominal values for transmit power, noise figure and measured synchronization antenna patterns are used for the simulation. As an example Fig. 3 also shows the SNR with an along-track offset of 200 m which is not considered for the synchronization horn selection algorithm since it is unknown. Depending on the orbit position (argument of latitude) this may result in an SNR collapse of up to 30 dB. Several effects (e.g. shadowing and multipath), operational constraints (e.g. restricted number of sync horn switching cycles) and orbit uncertainties (e.g. unknown exact along-track offset) may further severely degrade the SNR.
C. Aspect Angle Variation
In the following we investigate the phase error in the compensation phase due to continuously changing relative aspect angle between the two TanDEM-X satellites. Du to the HELIX formation the line joining the two active synchronization antennas traverse the synchronization horn pattern. Any change in the phase of the antenna pattern within the interval two synchronization pulses are exchanged will result in a phase error. The antenna phase error ∆ϕ ant as relevant for the compensation phase (3) is given by
Clearly two issues need to be considered: the phase of the synchronization horn versus the angle with respect to the vector normal to the antenna and the aspect angle between the two satellites during the orbit. The approach followed here is to estimate the maximum value of the phase variation assuming worst case conditions, i.e. maximum antenna phase variation versus angle and maximum aspect angle variation versus time.
Starting with the antenna phase Fig. 4(a) shows the phase of one synchronization horn versus the angle with respect to the normal to the horn. The four curves correspond to the Eand H-plan for each of port 1 and 2. The quantity of interest is the phase variation versus angle which is shown in Fig. 4(c) . The maximum value of dϕ ant (φ)/dφ can be seen to be around 2 deg/deg.
Next, the influence of the aspect angle φ, i.e. the angle between the normal to the horn antenna and the baseline vector, is considered. Fig. 4(b) shows the aspect angle versus the argument of latitude for the six synchronization horn antennas. Again it is the variation of the aspect angle over time which is of interest for the phase error. From Fig. 4(d) the maximum value of this variation is 0.12 deg/s
The phase error due to the aspect angle variation is calculated from:
To consider the phase change of the antenna pattern for circular polarization the factor 2 is added to the expression of the phase error. Also the change in aspect angle is for both the transmitting and receiving antenna, which again requires a factor of 2. Thus, for typical values of τ sys = 0.3 ms the antenna phase error is
which is insignificant. But even when the temporal separation between the sync pulses is maximized, thus τ sys = 1/2f syn = , and the angle between the baseline vector and the normal to the synchronization horn its variation over time [7] (right).
50 ms (with f syn = 10 Hz) the resulting antenna phase error is ∆ϕ ant = 0.048 deg which, again, is considered insignificant.
D. Hardware System Phase Drift
The phase of the hardware system, dominated by active and passive radar RF components, will change within the duration of data take. This drift is mainly caused by the thermal heating of the components during the transmit instances of the data take. The RF hardware chain used for synchronization is part of the calibration path, which is used to correct amplitude and phase changes during SAR operation. However, the calibration pulses either include additional front-end components not part of the synchronization path (Tx and Rx calibration path), or they characterize the sum path instead of the required difference path (the central electronic calibration path). As a result the calibration can not be used to correct the drift of the synchronization path.
Concerning the performance of the synchronization link, all the contributions from components common to the Tx and Rx path will cancel out, due to two way operation (c.f. section II-D). The remaining phase drift contributions are given in (3) by
with the subscripts Rx , Tx indicating the phase of the transmit or receive path, respectively. In the above expression, the change in hardware phase within the periods τ and τ sys which is in the order of milliseconds is ignored which is justified by the fact that the phase changes are of thermal origin and thus much slower. Extensive measurements were performed on the TerraSAR-X instrument in order to characterize the synchronization path. The approach is use these measurements to extract the phase-temperature dependency of the instrument drift. Then, in the operational phase the temperature data recorded during data take (house keeping data) is used together with the results of the characterization measurements to correct the -systematic-phase drift of the synchronization path.
In Fig. 5 an exemplary effective phase variation, i.e. ∆ϕ sys1 = 1 2 (ϕ Rx1 − ϕ Tx1 ) over time is shown for one synchronization path of one satellite for a T data = 600 s data take [8] . Clearly there is a correlation between temperature and phase variation. Without correction the maximum phase change (for the given measurement) is max{∆ϕ sys1 } = 0.9
• . The results after applying the correction algorithm is also shown in Fig. 5(a) When applying the correction algorithm the resulting maximum error is in the order of 0.25
• .
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